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ABSTRACT  Mouse embryonic stem (mES) cells and mouse induced pluripotent stem (miPS) cells 
are commonly maintained on inactivated mouse embryonic fibroblast feeder cells in medium 
supplemented with fetal bovine serum or proprietary replacements. An undefined medium contain-
ing unknown quantities of reagents has limited the development of applications for pluripotent 
cells because of the relative lack of knowledge regarding cell responses to differentiating growth 
factors. Therefore we developed a serum-free medium, designated ESF7, in which mES cells can be 
maintained in an undifferentiated state without feeder cells. The medium was tested for culturing 
miPS cells. The miPS cells have been maintained in ESF7 medium for more than 3 years with an 
undifferentiated phenotype manifested by the expression of pluripotency marker genes and alka-
line phosphatase, and these cells exhibited largely normal karyotypes. Furthermore, we found that 
fibroblast growth factor-2 (FGF-2) with heparin induced miPS cell differentiation into neuronal cells, 
both in an adherent monolayer and in embryoid body suspension culture. Moreover, we found that 
FGF-2 with bone morphogenetic protein 2 induced miPS cell differentiation into cardiomyocytes 
in embryoid body suspension culture. Furthermore, we transplanted subcutaneously miPS cells 
maintained in ESF7 into the dorsal flanks of SCID mice; all of the transplants produced tumors with 
tissues derived from all three embryonic germ layers. As this simple serum-free adherent monocul-
ture system supports the long-term propagation of pluripotent iPS cells in vitro, it will allow us to 
elucidate cell responses to growth factors under defined conditions, and it should provide useful 
information for differentiation protocols for human iPS cells. 
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Introduction

In recent years, extensive investigations into improving culture 
systems for embryonic stem (ES) cells (Chung et al., 2005) and 
pluripotent stem (iPS) cells (Takahashi et al., 2006) have been 
carried out. These stem cells had the potential to differentiate 
into tissues from all three embryonic germ layers (Takahashi et 
al., 2007; Okita et al., 2007; Kaufman et al., 1983; Martin 1981). 
Mouse ES cells and iPS cells represent models of mammalian 
development that enable biochemical and molecular analyses. 
Recently, ES cell biology has become a focus for biotechnology and 
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regenerative medicine. Major limitations of the use of stem cells in 
a variety of biotechnological applications are the current require-
ment for feeder cells and the relative lack of knowledge regarding 
the long-term maintenance of pluripotency. A simple experimental 
system in which rules governing pluripotency and differentiation 
could be deciphered would encourage the development of new 
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stem cell applications.
Mouse ES cells and iPS cells are commonly maintained on 

inactivated primary mouse embryonic fibroblast (MEF) feeder 
cells in culture medium supplemented with serum and leukemia 
inhibitory factor (LIF). Previous studies demonstrated that self-
renewal and pluripotency could be maintained under these culture 
conditions (Smith et al., 1988).  In the absence of LIF, iPS cells 
differentiate spontaneously in serum-containing culture medium 
(Takahashi et al., 2007). Culture protocols have been developed 
recently that permit the derivation of some types of cells from 
undifferentiated ES and iPS cells (Chung et al., 2005; Takahashi 
et al., 2006; Takahashi et al., 2007; Okita et al., 2007). However, 
because these procedures require the cultivation of ES and iPS 
cell aggregates and conditioned medium containing undefined 

components or feeder cells, they produce variable and hetero-
geneous results (Furue et al., 2005; Sato et al., 2010; Hayashi et 
al., 2007). Differentiation protocols based on knowledge of ES/
iPS cell responses to specific growth factors are not currently 
available for most types of mouse cells. However the clinical 
translation of iPS cell-based therapeutic strategies will require 
clear knowledge of the potential responses of these cells in vitro 
and in vivo.

In this study, we describe a serum-free culture medium ESF7, 
in which a novel mitogenic activity of LIF was uncovered and iPS 
cell self-renewal and pluripotency were maintained during long-
term serial cultivation in the absence of feeder cells. Using this 
culture system, it will be possible to elucidate the developmental 
responses of ES and iPS cells to specific environmental stimulation.    

Fig. 1. Characteristics of 
mouse iPS cells cultured in 
ESF7. (A) The effect of leukemia 
inhibitory factor (LIF) on mouse 
iPS cell proliferation.The mouse 
iPS cells were seeded in 24-well 
plate at 2 x 103 cells/well in ESF7 
or ESF6 (ESF7 minus LIF) (pas-
sage 32). These cells could not 
proliferate over a 6 day-period in 
ESF6. In the presence of LIF to 
the medium, significantly stim-
ulated mouse iPS proliferation. 
Maximal growth stimulation 
of LIF were observed at 500 ~ 
1000 units/ml. Undifferentiated 
cells increased in a LIF concen-
tration dependent manner. Bars 
represent the mean ± SEM. 
(n=3). (B-G) Morphologies of 
mouse ES cells and iPS cells. 
(B-C) Mouse ES cell morphol-
ogy cultured in ESF7 (Passage 
315). (D-E) Mouse iPS cell 
morphology cultured in ESF7 
(Passage 324). Phase contrast 
(left) and fluorescence (right) 
micrographs are shown. (F-G) 
Mouse iPS cell morphology 
cultured in CEM on MEFs (Pas-
sage 46). Phase contrast (left) 
and fluorescence (right) micro-
graphs are shown. Bar indicates 
200 mm. (H) Morphologies of 
mouse iPS cells cultured in 
ESF7and Pluripotency of iPS 
cells. (Upper panel) Stem cell 
marker expression: alkaline 
phosphatase (ALP) activity in 
mouse iPS cells cultured in 

ESF7 medium at passage 118. Bar indicates 200 mm. (Lower panel) Stem cell marker expression: pluripotency marker expression in ESF7. These Cells 
were stained with anti-Nanog (Red), anti-Oct3/4 (Red), anti-SSEA-1 (Red). Nuclei were stained with DAPI (Blue). Nanog-GFP (Green) (passage 118) Bar 
indicates 50 mm. (I) The gene expression of pluripotency markers in mouse iPS cells. Expression of Sox2, Nanog, Oct3/4, Esg1, and Nestin was studied 
by RT-PCR analysis with total RNA isolated from iPS clones (APS0001) cultured in ESF7 at passages 17, 60, 100, 168, and 223 or in CEM on feeder cells 
at passages 4 and 20, and ES cells cultured in CEM on MEFs at passage 22. Primers for each marker gene only amplified endogenous gene sequences.
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Fig. 2. The effect of growth factors with FGF-2 
in mouse iPS cells. Differentiation induced from 
mouse iPS cells. The miPS cells were stimulated to 
differentiate by seeding on laminin-coated dishes in 
ESF5 in the presence of FGF-2 and heparin. Mouse 
iPS cell morphology cultured in ESF5 supplemented 
with FGF-2 (10 ng/ml) in ESF5 on laminin for 2, 4, and 
6 days (Passage 93). Phase contrast (upper panel) 
and fluorescence (lower panel) micrographs were 
shown. Nanog-GFP positive cells were decreased 
day by day. Bar indicates 200 mm. (B-H) Immuno-
cytochemical staining of neural stem and neuronal 
cell markers. (B) anti-Nestin antibody, (C) anti- b-III 
tubulin antibody, (D) anti-MAP2 antibody, (E) anti-
oligodendrocytes antibody, (F) anti-GFAP antibody, 
(G) anti-GABA antibody, (H) anti-keratin antibody. 
Nanog-GFP was also investigated. Nuclei were 
stained with DAPI. (Passage  118) Bar indicates 
50 mm. (I,J) RT-PCR analysis of neuronal stem and 
neuronal cell markers. We examined the effect of 
FGF-2 on neural marker gene expression in mouse 
iPS cells cultured in ESF5 on laminin for 6 days in 
adherent monolayer culture. These induced cells 
were positive for expression of Nestin, Otx-2 and 
AP-2. The effect of FGF-2 on neural marker gene 
expression in mouse iPS cells. The expression of 
neural and neural stem cell marker in mouse iPS 
cells cultured in ESF5 with FGF-2 (10 ng/ml) on 
laminin for 6 days. These expressions were nor-
malized to GAPDH mRNA. The values are mean 
± SEM (n=5). *<0.01 compared with Day 0. (K)  
Immunohistochemical analysis of mouse iPS cell 
derived embryoid bodies (EBs). Mouse iPS cells were transferred to low attachment 96-well plates with ESF5 and FGF-2 (10 ng/ml) at a cell density of 
5x103 cells/well. After 14 days of floating culture, EBs were fixed in 4% (w/v) paraformaldehyde and embedded in paraffin. Sections were stained with 
hematoxylin, and for immunohistochemistry with antibodies to Nestin (1/100) and b-III tubulin (1/50). Positive and negative controls (NC) were used 
respectively, and sections were evaluated for intensity of stain (passage 79). Bar indicates 200 mm.

Results

Effects of LIF and serum on mouse iPS 
cell proliferation

We first tested the ability of ESF7 medium 
(Furue et al., 2005), which we had developed 
for mouse ES cells, to support the prolifera-
tion of miPS cells. The cells (passage 32) 
were harvested in ESF7 or ESF6 (ESF7 
minus LIF). miPS cells cultured in ESF6 did 
not proliferate over a 6 day-period. On the 
other hand, the addition of LIF to the medium 
significantly stimulated miPS cell proliferation 
(Fig. 1-A, passage 32). Undifferentiated cells 
increased in a LIF concentration dependent 
manner with maximal growth stimulation at 
500 ~ 1000 units/ml.

Effects of culture conditions on mouse 
iPS cell morphology and expression of 
pluripotent stem cell markers

When miPS cells (passage 324) were 
cultured in ESF7 medium on type I collagen-
coated flasks, the cells grew into densely 
packed colonies consistent with the cells 
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Fig. 3. Induction 
of  card iomyo-
cytes with FGF-2 
and BMP-2 from 
mouse iPS cells. 
(A) RT-PCR analy-
sis of cardiac and 
pluripotency gene 
expression. RT-PCR 
analysis of cardiac 
and pluripotency 
gene expression in 
cardiomyocytes dif-
ferentiated mouse 
iPS cells on 30 days 
in culture. Nkx2.5, 
marker genes of car-
diac progenitor and 
cardiomyocytes; 

Nkx2.5 

GATA4 

αMHC  

MEF2c 
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GATA4, marker genes expressed in the 
adult vertebrate heart; aMHC, marker 
genes for a representative sarcomeric 
protein; MEF2C, marker genes of heart 
precursor cells before formation of the 
linear heart tube; Oct3/4, marker genes 
of undifferentiated stem cell marker. (B) 
Gross morphology of a beating colony. 
Gross morphology of a beating colony 
from mouse iPS cells cultured in ESF6 with 
FGF-2 (1 ng/ml) and BMP-2 (0.2 ng/ml) after 
18 days (Passage 54). Bar indicates 200 
mm. (C) Experimental schedule and time 
course of cardiomyocytes differentiation. 
Comparison of cardiomyocyte specific 
differentiation in serum-free medium and 
that in conventional serum supplemented 
medium. (D) The effect of growth factors on 
the beating ratio of EBs. To determine the 
optimal concentrations of FGF-2 and BMP-2 
for efficient cardiomyogenic differentiation, 
several concentrations of FGF-2 (1 ng/ml, 2 
ng/ml, 4 ng/ml) and BMP2 (0.2 ng/ml, 0.4 ng/
ml, 0.8 ng/ml) were added to ESF6 medium 
on the same schedule. The most effective 
concentration of FGF-2 and BMP-2 was 2 
ng/ml and 0.4 ng/ml, respectively. ESF6 
only, ESF7 minus LIF; ESF6+F2(1)+B2(0.2), 
ESF7 minus LIF with FGF-2 (1ng/ml) and 
BMP-2 (0.2ng/ml); ESF6+F2(2)+B2(0.4), 
ESF7 minus LIF with FGF-2 (2ng/ml) and 
BMP-2 (0.4ng/ml); ESF6+F2(4)+B2(0.8), 
ESF7 minus LIF with FGF-2 (4ng/ml) and 
BMP-2 (0.8ng/ml); Serum medium, CEM 
minus LIF; Serum+F2(1)+B2(0.2), CEM 
containing 15% FBS minus LIF with FGF-2 
(1ng/ml) and BMP-2 (0.2ng/ml). (E) Immu-
nocytochemical staining of cardiomyocyte-
specific genes, a-actinin and Nkx2.5. FGF-2 
(1 ng/ml) and BMP-2 (0.2 ng/ml) were added 
for 3days during formation of EBs. The EBs 
on Day 18 were immunocytochemically 
stained with anti-actinin and anti-Nkx2.5 
antibodies. Nuclei were visualized with 
DAPI and Nanog-GFP (Green) (Passage 
54). Bar indicates 100mm.
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retaining an undifferentiated ES-like morphology (Fig. 1 B-G, 
passage 324). The cells exhibited alkaline phosphatase activity, 
and expressed SSEA-1, Nanog and Oct3/4 (Fig. 1H, passage 
118), and they expressed the undifferentiated ES cell-specific 
genes Sox2, Nanog, Oct3/4 and Esg1 as detected by RT-PCR 
(Fig. 1I). Moreover, these cells were maintained continuously 
and serially passaged for more than three years in ESF7 medium 
without feeder cells.

Neuronal cell differentiation
The miPS cells were stimulated to differentiate by seeding 

on laminin-coated dishes in ESF7 medium minus LIF and oleic 
acid-conjugated FAF-BSA (designated as ESF5), in the presence 
of FGF-2 and heparin. The cells with Nanog-GFP positive were 
decreased day by day (Fig. 2A, passage 93). These induced 
populations of cells were immunoreactive with antibodies to nestin  
(neural progenitor marker) (Fig. 2B, passage 118), to b-III tubulin 
(neural cell marker) (Fig. 2C, passage 118), to MAP2 antigen 
(neural cell marker) (Fig. 2D, passage 118), to oligodendrocyte 
cells (glial cell marker) (Fig. 2E, passage 118), to GFAP (astrocytes 
marker) (Fig. 2F passage 118), and to gamma- aminobutyric acid 
(GABA) (neural cell marker) (Fig. 2G, passage 118), but they did 
not react with an anti-keratin antibody or express Nanog-GFP 
(Fig. 2H, passage 118). 

We next examined the effect of FGF-2 on neural marker gene 
expression in miPS cells cultured in ESF5 on laminin for 6 days 
in adherent monolayer culture. RT-PCR analysis was positive for 
expression of nestin, a neural stem cell marker, and the neural 

crest cell markers Otx-2 and AP-2 (Fig. 2I). Quantitative real-time 
PCR analysis showed an increased expression of Musashi1, which 
is a neural stem/progenitor cell marker, and increased expression 
of the neural crest marker genes Snail and Slug. Expression of a 
primitive ectoderm marker, neurotrophic factor, fibroblast growth 
factor (FGF)-5, and Otx-2, which may play a role in brain and 
sensory organ development, were also increased at 4 days. These 
results suggested that FGF-2 induced miPS cells to differenti-
ate into neural progenitors after 4 days of culture (Fig. 2J). We 
also examined the effect of FGF-2 in embryoid body suspension 
culture. After 6 days in culture, sections of embryoid bodies were 
positively stained with both antibodies to Nestin and b-III tubulin 
(Fig. 2K, passage 79)  suggesting that miPS cells maintained in 
ESF7 had the potential to differentiate into neuronal and glial cells. 
These results clearly revealed that mouse iPS cells maintained 
in ESF7 medium without feeder cells for more than 3 years could 

Fig. 4. Teratoma derived from mouse iPS cells. (A-I) 
mouse iPS cells cultured in serum- or serum-free condi-
tions were suspended at 2x107 cells/ml in PBS containing 
0.15mg/ml type I collagen. We injected 50 ul of the cell 
suspension (1x106 cells) subcutaneously into the dorsal 
flank of SCID mice (CB17/Icr-Prkdcscid/CrlCrlj). Four weeks 
after the injection, tumors were surgically dissected from 
the mice. Teratomas were dissected and fixed in 4% 
paraformaldehyde. Samples were embedded in paraffin 
and processed with hematoxylin and eosin staining or Al-
cian Blue staining.(A-II): mouse iPS cells cultured in ESF7 
(serum-free condition) were injected into the left side of the 
dorsal flank (passage 106).(A-III): mouse iPS cells cultured 
in conventional culture conditions (DMEM with 15% FBS 
containing 1000 unit/ml LIF) on MEF were injected into the 
right side of the dorsal flank (passage 78). (B) Histology of 
Teratomas. Paraffin-embedded teratomas from iPS cells 
cultured in ESF7 were sectioned, stained with hematoxylin 
and eosin photographed with a x100 objective. All six mice 
formed tumors at 4 weeks post-injection. Control mice 
cultured in conventional serum supplemented medium also 
injected with 1 × 106,were also form teratomas. Various 
tissues present in teratomas derived from mouse iPS cells 
(Passage 106). (B-I) Hematoxylin and eosin staining. Neural 
tissue, epithelial cell (ectoderm), cartilage, muscle, adipose 
cell (mesoderm) and intestinal epithelium (endoderm) were 
observed. (B-II) Alcian Blue staining. Cartilage tissue, 
muscle tissue, adipose cells (mesoderm) and intestinal 
epithelium (endoderm) were observed. (B-III) Nestin and 
b-III tubulin staining. Positive immunostaining of Nestin and 
b-III tubulin confirming differentiation into neural tissues 
in teratomas. NC=negative control.
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be induced by the addition or withdrawal of soluble growth factors 
and cytokines to differentiate along multiple cell lineages.

Cardiomyocyte induction
We found that FGF-2 with bone morphogenic protein 2 (BMP-2) 

induced miPS cells to differentiate into cardiomyocytes in embryoid 
body suspension culture. Previous studies showed that relatively 
low concentrations of FGF-2 or BMP-2 effectively enhanced the 
cardiomyogenic differentiation of miPS cells in serum-supplemented 
culture conditions (Kawai et al., 2004; Makino et al., 1999). To 
optimize culture conditions for cardiomyocyte differentiation, low 
concentration of FGF-2 (1 ng/ml, 2 ng/ml, 4 ng/ml) and/or BMP-2 
(0.2 ng/ml, 0.4 ng/ml, 0.8 ng/ml) were added to serum-supplemented 
or serum-free media. The expression levels of Nkx2.5, GATA4, 
MEF2C and aMHC mRNAs at day 30 were examined by RT-PCR 
analysis (Fig. 3A). Nkx2.5 is a cardiac-specific homeobox gene. 
GATA4 is expressed in the adult vertebrate heart, as well as in yolk 
sac endoderm and cells involved in heart formation. The murine 
MEF2C is expressed in heart precursor cells before formation of 
the linear heart tube. aMHC is a representative sarcomeric protein  
expressed in mature and differentiated cardiomyocytes. In serum-
free culture conditions, smooth muscle fibers were observed at 
day 10 and beating cardiomyocytes observed at day 12 (Fig. 3B, 
passage 54) (Supplemental Video 1). These events occurred earlier 
than in conventional serum- supplemented conditions. Further-
more, the ratio of beating cardiomyocytes in serum-free medium 
was higher than these in serum-supplemented medium (Fig. 3C). 
For cardiomyogenic differentiation the most effective concentra-
tion of FGF-2 and BMP-2 was2 ng/ml and 0.4 ng/ml, respectively 
(Fig. 3D). To confirm the cardiomyogenic differentiation of miPS 
cells, miPS cell clusters were immunocytochemically stained with 
anti-actinin, a representative cardiomyocytes specific sarcomeric 
protein, together with anti-Nkx2.5 antibodies (Fig 3E, passage 
118). Contracting clusters of miPS cells on day 11 were specifically 
stained with both antibodies, suggesting that the majority of the 
contracting miPS cells exhibited the features of cardiomyocytes. 
In addition, cells positive for cardiomyocyte markers appeared 
earlier than they did in serum-containing cultures.

Teratoma formation assay
miPS cells cultured under serum-free or conventional serum-

supplemented conditions were suspended and injected (1x106 
cells) subcutaneously into the dorsal flank of severe combined 
immunodeficient (SCID) mice. Four weeks after injection, tumors 
were surgically dissected from the mice, weighed, fixed in PBS 
containing 4% formaldehyde, and embedded in paraffin. Sections 
were stained with hematoxylin and eosin and Alcian Blue. Histo-
logical analysis demonstrated that the formed tumors contained 
tissues derived from all three embryonic germ layers (n=6) (Fig. 
4A, passage 106). Epithelial tissues, neural issues (ectoderm), 
muscle and cartilage (mesoderm) and intestinal epithelial tissues 
(endoderm) were identified histologically in the miPS cell-derived 
teratomas (Fig. 4B, passage 106). 

Karyotype analysis and long-term stability
Almost all of the miPS cells maintained in serum-free condi-

tions using ESF7 had a normal karyotype (Supplemental Fig. 
1- (i) passage 195). All of the cells retained ability to express stem 
cell markers, and they remained pluripotent as demonstrated by 

teratoma formation after prolonged culture (Supplemental Fig. 
1- (ii) passage 195).

Germ-line transmission of miPS cell cultured in serum-sup-
plemented or serum-free condition

We examined the ability of miPS cells cultured in both serum-
supplemented and serum-free conditions to produce adult chimaeric 
mice. We injected 2-20 male miPS cells into C57/BL6 blastocysts 
or 8-cells, which we transplanted into uteri of pseudo-pregnant 
mice. We tried several times using high passage or low passage 
cells cultured in serum-free or serum-supplemented medium. 
However we did not obtained any adult chimaeras from embryos 
injected with miPS cells passaged in the presence or absence of 
fetal bovine serum.

Discussion

We previously reported a simple serum-free culture system that 
maintained mouse ES cells in an undifferentiated state without 
feeder cells (Furue et al., 2005). In this study, we have success-
fully adapted the system to maintain the proliferation, self-renewal 
and pluripotency of mouse iPS cell without feeder cells for more 
than three years. As this serum-free adherent monoculture system 
supports the long-term propagation of pluripotent iPS cells in vitro, 
it will allow us to elucidate the cell responses to growth factors 
and other stimuli under defined conditions, and it could provide 
information to further understand molecular mechanisms operating 
during early development in vivo.

Until quite recently mouse ES and iPS cells were commonly 
maintained on primary embryonic fibroblast feeder cells in culture 
medium supplemented with serum and leukemia inhibitory factor 
(LIF) (Chung et al., 2005; Takahashi et al., 2006; Takahashi et 
al., 2007; Okita et al., 2007; Kaufman et al., 1983; Martin, 1981; 
Doetschman et al., 1985). Previous studies demonstrated that 
self-renewal and pluripotency could be maintained under these 
culture conditions (Smith et al., 1988). In the absence of LIF, 
iPS cells differentiate spontaneously in serum-containing culture 
medium. Culture protocols have been developed recently that 
permit the derivation of some types of cells from undifferentiated 
ES and iPS cells. However, because these procedures require 
the cultivation of ES and iPS cell aggregates, conditioned medium 
containing undefined components or feeder cells, they produce 
variable and heterogeneous results (Lake et al., 2001; Todaro and 
Green, 1963). Moreover, these cells usually become karyotypi-
cally abnormal during the course of serial cultivation (Todaro and 
Green, 1963; Loo et al., 1987). These effects may be caused by 
undefined or unknown growth factors and differentiation factors 
in serum or feeder cell-conditioned medium such as EGF, FGFs, 
activin A, and PDGF (Doetschman et al., 1985; Todaro and Green, 
1963; Loo et al., 1987). Thus it is very important to standardize 
culture procedures with defined culture conditions (serum-free and 
feeder-free defined culture conditions). We previously confirmed 
that LIF had little influence on cell proliferation of ES-D3 cells in 
serum-supplemented medium, however, in ESF7 medium, LIF was 
essential for the mouse ES-D3 survival, and it clearly stimulated 
cell proliferation in a concentration-dependent manner. In this study, 
we confirmed the same result in miPS cells that LIF is essential for 
the miPS cell survival and stimulated cell proliferation in serum-
free and feeder-free culture condition. Previous work by others 
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has shown that activation of LIF/STAT3 (Smith et al., 1988; Niwa 
et al., 1998; Matsuda et al., 1999; Yang et al., 2010), and BMP/
SMAD/Id signaling pathways (Ying et al., 2003; Brandenberger et 
al., 2004) is necessary for mouse ES cells to maintain pluripotency. 
Using pathway inhibitors it has been found that Jak-Stat3, PI3K-
Akt, and MAPK are located at the downstream of LIF signaling 
pathway. PI3K-Akt and MAPK pathways are regulated by a number 
of factors whereas the Jak-Stat3 pathway is only regulated by LIF 
(Yang et al., 2010; Kunath et al., 2007; Silva et al., 2008; Ying et 
al., 2008). The simple serum-free culture condition described here 
consists of known components and can be used to identify and 
characterize the effects of undefined as well as defined factors in 
miPS cell biology.

When miPS cells were seeded on laminin-coated dishes, the 
cells differentiated into primitive ectoderm even in the presence 
of LIF, while type I collagen supported the undifferentiated state of 
the cells (Hayashi et al., 2007). During development, cells require 
a proper environment for proliferation, differentiation and apoptotic 
cell death, and the present findings suggest that our defined culture 
condition could mimic environments for cell differentiation in early 
development in vivo. Neural crest markers are first expressed 
in the primitive ectoderm and are also expressed in emerging 
neural crest cells (Eckert et al., 2005). FGF-2 induces neural cell 
differentiation from mouse ES cells (McKay, 1997). We have also 
shown that FGF-2 induces neural crest marker positive cells from 
mouse ES cells at high frequency in a defined serum-free medium 
(Furue et al., 2005). This study reveals that in ESF5 medium an 
appropriate concentration of FGF-2 promotes differentiation of 
miPS cells from neural progenitor cells into peripheral neuronal 
cells, glial cells and migrating cranial neural crest cells. In addition, 
these cells expressed Otx-2 and AP-2, which are related to neural 
crest and craniofacial development. Thus, with our growth factor 
defined serum-free culture system miPS cell differentiation may be 
used to study the role of neural crest development in cranio- and 
maxillo-facial development.

BMP-2 and FGF-2 play important roles in the early cardiomyo-
genic differentiation of miPS cells. Recent studies have shown 
that both BMP-2 and FGF-2 play an important role in early heart 
development, especially in the induction of the mesoderm com-
ponent at the time of the formation of the three embryonic germ 
layers (Shimoji et al., 2010; Yuasa et al., 2005). In the present 
experimental protocol, this stage may correspond to the first three 
days of embryoid body formation. Other studies have reported 
cardiomyocyte differentiation in spheroid cultures with fetal bovine 
serum or various inhibitors and hormones (Shimoji et al., 2010; 
Yuasa et al., 2005; Fujiwara et al., 2011; Hao et al., 2008; Olson et 
al., 2003; Pandur et al., 2002). This is a novel protocol to success-
fully elicit in vitro cardiomyogenic differentiation of miPS cells under 
defined serum-free culture conditions using FGF-2 and BMP-2. 
Using this method, we observed cardiac smooth muscle fibers and 
beating cardiomyocytes. Cells positive for cardiomyocyte markers 
appeared earlier than they did in serum-containing cultures. This 
observation suggests that the medium supplemented with serum 
might contain unknown factors that inhibit cardiomyogenic differ-
entiation of miPS cells, and that the population of cells cultured in 
serum-free conditions was more homogeneous than that of cultured 
in conventional serum- supplemented conditions. As a result, this 
study describes a novel protocol to induce miPS cell differentiation 
into beating cardiomyocytes. This novel protocol to induce beating 

cardiomyocytes will be useful for drug screening and developing 
treatments for cardiovascular diseases. 

The identification and isolation of a cardiac precursor cell popula-
tion is expected to provide a source of cells for tissue regeneration 
while also providing valuable insight into cardiac development. 

A recent study focused on identifying these progenitor cells and 
elucidating signaling mechanisms involved. This study reported 
Smad and Wnt signaling pathways are important in stem cell fate 
determination and their commitment to cardiovascular differentiation 
(Yuasa et al., 2005). Also, cardiomyogenic signals such as BMP 
and FGF activate the expression of cardiac specific transcription 
factors such as homeodomain protein Nkx2.5. Nkx2.5 activates a 
number of downstream transcription factors such as MEF2C and 
GATA-4, which activate the expression of cardiac muscle specific 
proteins (Fujiwara et al., 2011). In this study exposure of miPS cells 
to BMP-2 and FGF-2 without LIF for only 3 days during embryoid 
body formation led to efficient cardiomyogenic differentiation. This 
period may correspond to the time between embryonic E4 and E6, 
when the three embryonic germ layers are being formed. These 
data suggest that co-operative effects of FGF-2 and BMP-2 may 
play crucial roles in the induction of early stage cardiomyogenic 
differentiation in vitro. 

We examined the ability of miPS cells cultured in both serum-
supplemented and serum-free conditions to produce adult chimeric 
mice. Because the passaged cells did not contribute to chimeras, we 
tested the cells obtained from Riken Bio Resource Center without 
prolonged cultivation and they did not form chimeras either. Thus 
we concluded that the loss of chimera forming potential was likely 
not the result of passaging in serum-free and feeder-free medium.

As this simple serum-free adherent monoculture system supports 
the long term propagation of pluripotent iPS cells in vitro, it will 
allow us to elucidate cellular responses to various environmental 
stimuli under defined conditions, and it will provide useful informa-
tion for the development of feeder-free and serum-free medium for 
human iPS cells. In this culture system the effects of exogenous 
factors can be analyzed without the confounding influence of 
undefined components. This methodology could be used to study 
the mechanisms underlying early embryonic development and to 
assist in the development of in vitro developmental toxicity assays.

Materials and Methods

Maintenance of mouse iPS cells
The mouse iPS cell (miPS) line iPS-MEF-Ng-20D-17 (Okita et al., 2007) 

(APS0001 : Riken Bio Resource Center, Japan : passage number 11) was 
routinely maintained in ESF7 medium (Furue et al., 2005) in 25cm2 plastic 
flasks (Corning, New York) coated with 0.15mg/ml type I collagen (Nitta 
gelatin, Osaka, Japan) in a humidified of 5% CO2 at 37 oC. This mouse 
iPS cell line expresses green fluorescent protein (GFP) under the control 
of the Nanog promoter. 

ESF7 medium is composed of ESF basal medium (Cell Science and 
Technology Institute, Miyagi, Japan) (Furue et al., 2005) supplemented 
with seven defined factors (Bottenstein et al., 1979; Sato et al., 1987; Sato 
et al., 2010): insulin (10 mg/ml), transferrin (5 mg/ml), 2-aminoethanol (10 
mM), 2-mercaptoethanol (10 mM), sodium selenite (20 nM), oleic acid (4.7 
mg/ml) conjugated with fatty acid-free bovine serum albumin (FAF-BSA), 
and 1000 units/ml leukemia inhibitory factor (ESGRO®, Millipore, Billerica, 
MA) , as described previously (Furue et al., 2005).  Mouse iPS cells were 
harvested in 0.001% trypsin-0.01% ethylenediaminetetraacetic acid (EDTA) 
in Ca2+ and Mg2+-free phosphate-buffered saline (PBS), and the trypsin was 
inactivated with 0.1% soybean trypsin inhibitor (Sigma, St. Louis, MO) in 
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PBS. These cells were reseeded at 2x105 cells in a type I collagen-coated 
25-cm2 flasks (Corning, Coming, NY). These cells were subcultured every 
2-3 day (Furue et al., 2005; Hayashi et al., 2007).

As a control, miPS cells were maintained on feeder layers of mitomycin 
C-treated mouse embryonic fibroblasts (ReproCELL, Yokohama, Japan) 
in Complete ES medium (CEM): Dulbecco’s modified Eagle’s medium 
supplemented with 15% fetal bovine serum (FBS), 4 mM L-glutamine, 
0.1 mM 2-mercaptoethanol (2-ME), 1.5 g/L sodium bicarbonate, and 
1000 unit/ml LIF (Millipore) (Smith et al., 1988; Dulbecco and Freeman, 
1959; Doetschman et al., 1985; Pandur et al., 2002; Williams et al., 1988).

Cell proliferation
To investigate LIF for mitogenic activity on iPS cells at various passage 

numbers the cells were seeded in a type I collagen-coated 24-well plate 
(Becton Dickinson, Franklin Lakes, NJ,) at a cell density of 2x103 cells/
well in ESF7 without LIF. Increasing concentrations of LIF (10, 50, 100, 
500, 1000 unit/mL) were added to each well, and the cells were cultured 
at 37ºC in a humid atmosphere of 5% CO2. Cell numbers in triplicate wells 
were counted daily with a Coulter particle counter (Beckman Coulter, 
Hialeah, FL).

Alkaline phosphate (ALP) staining
The cells plated on type I collagen-coated dishes in ESF7 medium were 

cultured for 6 days with medium renewal every 2 day. Alkaline phospha-
tase (ALP) activity in the cells was detected using a Fast Red substrate 
kit (Nichirei Biosciences, Tokyo, Japan), as described by Toumadje et al.

Antigen expression (Immunocytochemistry)
To detect pluripotent stem cell marker antigens, cells were cultured 

under the conditions described above and fixed in 4% (w/v) paraformalde-
hyde. Fixed cells were stained with a mouse anti-SSEA-1 antibody (1/100 
dilution) (Stemgent®, Cambridge, MA). To detect the intracellular antigen 
Oct-3/4 (1/100 dilution) (Beckton Dickinson) and Nanog (1/100 dilution) 
(Santa Cruz Biotechnology, Santa Cruz, CA), fixed cells were permeabilized 
with 0.2% TritonX-100 and then stained with primary antibodies. These 
primary antibodies were visualized with Alexa Fluor® 594-conjugated goat 
anti-rabbit IgG or Alexa Fluor® 594-conjugated rabbit anti-mouse IgG 
(Invitrogen, Carlsbad, CA). After washing, these cells were stained with 
DAPI. Fluorescence images were acquired using a Zeiss inverted LSM 
confocal microscope (Carl Zeiss, GmbH, Germany).

Gene expression
A detailed reverse transcription-polymerase chain reaction (RT-PCR) 

protocol was described previously (Furue et al., 2005). Briefly, total RNA 
was extracted from iPS cells using the RNA spin mini isolation kit (GE 
Healthcare UK Ltd), according to manufacturer’s instructions. cDNA was 
synthesized from 1mg of total RNA using High capacity RNA-to cDNA 
master mix (Applied Biosystems, Carlsbad, CA). RT-PCR was performed 
with AmpliTaq Gold DNA polymerase with Gene Amp (Applied Biosystems). 
The primers and reaction conditions used are described in Supplementary 
Table1. PCR products were size-fractionated using 1.5% agarose gel elec-
trophoresis. DNA markers were used to confirm the size of the fragments.

In vitro cell differentiation into neuronal cells
For monolayer culture, miPS cells were seeded by treating with tryp-

sinization. These miPS cells were transferred to laminin (2mg/cm2, Sigma) 
coated 24-well plates at a cell density of 1x104 cells/ well in ESF5 (ESF7 
medium minus LIF and oleic acid-conjugated FAF-BSA) with FGF-2 (10ng/
ml) (R&D systems) and heparan sulfate (100 ng/ml) (Sigma Aldrich), for 
2days. After induction, medium changed in ESF5 (without BSA-oleic) with 
heparin for another 4 days (Aihara et al., 2010).

These cells were stained with anti-Nestin monoclonal antibody (1/400 
dilution) (American Research Products Inc., Waltham, MA), anti-b-III tu-
bulin monoclonal antibody (1/200 dilution) (Millipore), anti-MAP2 antibody 
(1/400 dilution) (Millipore), anti-oligodendrocyte antibody (1/400 dilution) 

(clone 81, Millipore), anti-GFAP antibody (Dako Cytomation, Glostrup, 
Denmark), anti-GABA antibody (1/400 dilution) (Millipore) along with 
4’,6-diamidino-2-phenylindole (Sigma). These primary antibodies were 
visualized with Alexa Fluor 594®-conjugated goat anti-rabbit IgG or Alexa 
Fluor 594®-conjugated rabbit anti-mouse IgG (Invitrogen). 

Total RNA derived from plated cells on days 2, 4, and 6 was used 
for quantitative RT-PCR analysis. Quantitative RT-PCR was performed 
using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent 
Technologies, Santa Clara,CA) according to manufacturer’s directions 
with a Stratagene Mx 3000P system (Stratagene, La Jolla, CA). The 
sequences of the primers are listed in Supplemental Table1.The relative 
expression of mRNAs was calculated and compared with the expression 
in each control.

For Embryoid body (EB) formation, miPS cells were harvested by 
treating with trypsinization. The clumps of the cells were transferred 
to low attachment 96-well plates with ESF5 and FGF-2 (10ng/ml) and 
heparin sulfate (100ng/ml) at a cell density of 5x103 cells/well. After 2 days 
in suspension culture, EBs were transferred to 24-well low attachment 
plates and cultured in ESF5 with heparin for another 12 days. The medium 
was changed every other day. Embryoid bodies were fixed in 4% (w/v) 
paraformaldehyde and embedded in paraffin. Sections were stained with 
hematoxylin, and for immunohistochemistry with Nestin (1/100 dilution) 
and b-III tubulin (1/50 dilution). Positive and negative controls were used 
respectively, and sections were evaluated for intensity of stain.

In vitro cell differentiation into cardiomyocytes
To initiate the differentiation, miPS cells were cultured in ESF6 with 

FGF-2 (1 ng/ml, 2 ng/ml, or 4 ng/ml) (R&D Systems, Minneapolis, MN) 
and BMP-2 (0.2 ng/ml, 0.4 ng/ml, or 0.8 ng/ml) (R&D Systems) at a cell 
density of 1x104 cells/well in 96 well low attachment plates. After 3 days 
in suspension, the EBs were transferred to gelatin-coated 35-mm cell 
culture dishes at a density of 10–20 EBs per dish with ESF6 medium 
only, and cultured for an additional 30 days. The medium was changed 
every other day. The ratio of beating embryoid bodies was calculated 
(Kawai et al., 2004; Makino et al., 1999).

Differentiated iPS cells on days 11 were fixed in 4% (v/w) parafor-
maldehyde and permeabilized with 0.2% Triton X-100. These cells were 
stained with anti a-actinin (1/400 dilution) (Sigma-Aldrich) or anti-Nkx2.5 
(1/300 dilution) (GeneTex, Irvine, CA) along with 40-6-diamidino-2-phenyl-
indole (Sigma). The primary antibodies were visualized with Alexa Fluor 
594-conjugated goat anti-rabbit IgG or Alexa Fluor 594-conjugated rabbit 
anti-mouse IgG (Invitrogen). Total RNA was extracted from differentiated 
iPS cells on days 30. The primers used are described in Supplemental 
Table1. PCR products were size-fractionated using 1.5% agarose gel elec-
trophoresis. DNA markers were used to confirm the size of the fragments.

Teratoma formation assay and histological analysis
These miPS cells cultured in serum-supplemented or serum-free 

conditions were suspended at 2x107 cells/ml in PBS containing 0.15 
mg/ml type I collagen. We injected 50 ul of the cell suspension (1x106 

cells) subcutaneously into the dorsal flanks of 6 SCID (CB17/Icr-Prkdcscid/
CrlCrlj) mice. Four weeks after the injection, tumors were surgically dis-
sected from the mice. Samples were weighed, fixed in PBS containing 
4% formaldehyde, and embedded in paraffin. Sections were stained with 
hematoxylin and eosin and Alcian Blue stain.

Karyotype analysis
Karyotype analysis has performed with G-band staining (insert refer-

ence).

Germ-line transmission of miPS cell cultured in serum-free condition
We examined the ability of miPS cells cultured in both serum-

supplemented and serum-free conditions to produce adult chimaeras. 
For micromanipulation, miPS cells were trypsinized and suspended in 
ESF7 or conventional serum medium (Sasaki et al., 2009; Kanda et al., 
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2012). Then, we injected 2-20 male miPS cells into C57/BL6 blastocysts 
or 8-cells, which we transplanted into uteri of pseudo-pregnant mice. 
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